Podocytes are exposed to mechanical forces arising from glomerular capillary pressure and filtration. It has been shown that stretch affects podocyte biology in vitro and plays a significant role in the development of glomerulosclerosis in vivo. However, whether podocytes are sensitive to fluid shear stress is completely unknown. In the present study, we were all without effect on podocyte number under static conditions. At 0.25 dyne/cm 2 , however, the TK inhibitors genistein and AG 82 were associated with marked podocyte loss.
Introduction
Podocytes are exposed to relevant mechanical forces, arising from glomerular capillary pressure and glomerular filtration (12) . Glomerular capillary pressure generates wall tension in glomerular capillaries that needs to be counterbalanced by endothelial cells and podocytes.
Since glomerular endothelial cells possess only a faint actin cytoskeleton, the actin filaments in the foot processes of podocytes are likely to predominantly stabilize the capillary wall.
Elevated glomerular pressure is transmitted to and sensed by podocytes as an increase in mechanical stress, i.e. podocytes are stretched to a higher extent. Glomerular filtration exerts a different type of force on podocytes. The flow of the primary filtrate through the filtration slits between the interdigitating foot processes and the flow over the apical surface of podocytes generate a defined level of fluid shear stress.
Increased glomerular capillary pressure leads to focal segmental glomerulosclerosis (FSGS) in animal models (11, 23, 25, 41) , and is also thought to induce or to accelerate FSGS in humans (4). We and others have shown that podocytes are sensitive to stretch, affecting cytoskeleton, cell-cycle, hormone production, signal transduction and gene expression in podocytes (10, 13, 14, 27, 29, 34, 36) . In contrast, the effect of fluid shear stress has never been studied in podocytes though, in addition to endothelial cells (6) , tubular epithelial cells are known to be sensitive to fluid shear stress (9, 15, 28).
Beyond the glomerular filtration barrier, the ultrafiltrate flows to the urinary orifice of Bowman's capsule streaming over the surface of podocyte cell bodies. Podocytes possess a complex cell shape as they are attached to several capillaries with their major processes. To minimize flow resistance and forces exerted by fluid shear stress on the cell membrane, podocyte cell bodies appear to adopt a streamlined morphology. Adaptation of podocyte shape to filtrate flow would require that podocytes are able to sense shear stress. In addition to a role of fluid shear stress in normal podocyte biology, fluid shear stress may be involved in podocyte detachment. Under several pathological conditions, viable podocytes detach from glomerular capillaries and can be recovered in the urine (18, 19, 32, 35, 37, 46) .
In the present study, we exposed podocytes of a recently generated murine cell line (38) to defined laminar shear stress in flow chambers. We found that podocytes respond in a highly sensitive fashion to shear stress with reorganization of the actin cytoskeleton and with detachment at higher rates of shear stress. Furthermore, specific tyrosine kinases appear to play a crucial role for the adaptation of podocytes to shear stress.
Material and Methods

Cell culture
Cultivation of a recently generated conditionally immortalized mouse podocyte cell line was performed as reported (38) . In brief, podocytes were maintained in RPMI 1640 medium (Life Technologies, Karlsruhe, Germany) supplemented with 10% fetal bovine serum (FBS;
Boehringer Mannheim, Mannheim, Germany), 100 U/ml penicillin, and 0.1 mg/ml streptomycin (Life Technologies). To proliferate podocytes, cells were cultivated at 33°C (permissive conditions) and the culture medium was supplemented with 10 U/ml mouse recombinant γ-interferon (Life Technologies) to enhance expression of the temperaturesensitive large T-antigen. To induce differentiation, podocytes were maintained at 38°C without γ-interferon (nonpermissive conditions) for at least 1 wk. Expression of WT-1 was routinely checked by immunofluorescence (Santa Cruz Biotechnology, Heidelberg, Germany). LLC-PK1 renal epithelial cells were cultured in Dulbecco´s modified Eagle´s medium (DMEM; Life Technologies) supplemented with 10% FBS, 100 U/ml penicillin, and 0.1 mg/ml streptomycin. For shear stress experiments in the custom-built flow chamber and for immunofluorescence studies, podocytes were seeded on glass coverslips, which were coated with solution of 0.1 mg/ml mouse collagen IV (BD Bioscience, Bedford, MA) for 30 min at room temperature. For observation of living cells, podocytes were cultivated in commercially available flow chambers (Ibidi µ-Slides; Integrated Bio Diagnostics, Munich, Germany).
Application of fluid shear stress
Two different flow chamber systems were operated to perform shear stress experiments. A custom-built flow chamber system and the commercially available Ibidi µ-Slides were used. Fluid flow was generated by an analog 4 channel tubing pump (REGLO Analog, Ismatec, Switzerland). It circulated a total of 50 ml of culture medium within a closed-loop silicone tubing system (Ismatec, Wertheim-Mondfeld, Germany; VWR International GmbH, Darmstadt, Germany). For experiments in the custom-built flow chamber differentiated mouse podocytes were seeded on a collagen IV coated 35 mm coverslip as described above.
Three to five days were waited until the cells were well attached and had grown to a confluent monolayer. The coverslip then was installed in the flow chamber. The actual flow channel was formed by a silicone gasket that was placed on the coverslip before the coverslip was mounted in between a Plexiglas top and bottom. A rectangular whole in the gasket set the dimensions of the flow channel (length: 32 mm, width € w: 5 mm). Depending on which gasket was used, the height € h of the channel could be altered from 0.5 mm to 1.5 mm. That way shear stress rates could be modified. In addition to channel height, flow rate € Q was adjusted to obtain a specified rate of shear stress 
Scanning electron microscopy
Kidneys of Wistar rats in pentobarbital anesthesia were perfusion-fixed through the abdominal aorta with 3% glutaraldehyde in PBS supplemented with 0.05% picric acid.
Immediately after perfusion, kidneys were removed, cut into slices, and immersed in the same fixative for one day. Coronal slices of 3 mm thickness were dried by the critical point technique, mounted on aluminum stubs with silver conductive paint, sputter-coated with gold, and examined in a Philipscan 500 at 25 kV.
Inhibitors
In some experiments, the following inhibitors (Merck Biosciences, Bad Soden, and Alexis, Grünberg, Germany) were present throughout the period of application of fluid shear stress:
genistein (1, 2) and AG 82 (tyrphostin A25) (1, 47), both competitive broadband tyrosine kinase inhibitors; daidzein, an inactive genistein analog (1); PP2 a Src family tyrosine kinase inhibitor (42), and PD153035 an EGF receptor tyrosine kinase inhibitor (16) . For time-lapse experiments, podocytes were incubated with the inhibitor for 1 h prior to application of shear stress.
Anti-Thy1.1 glomerulonephritis Anti-Thy1.1 glomerulonephritis was chosen to serve as an in vivo model of elevated fluid shear stress on podocytes. Due to mesangiolysis, the glomerular tuft looses its mechanical stability. Glomerular capillaries come into close contact with the urinary orifice, where podocytes are exposed to higher levels of fluid shear stress (cf. Appendix and Fig. 1 ). Tissue of a previous study on anti-Thy1.1 glomerulonephritis in rats was utilized (24) . In this previous study, anti-Thy1.1 glomerulonephritis was induced by injection of the monoclonal antibody OX-7 and kidneys were fixed by perfusion at various time points after antibody injection. Semithin sections were cut and stained with methylene blue.
Data analysis
Data are presented as means±SEM if not otherwise indicated. Analysis of variance was used for statistical analysis. Dunnett's and Student-Newman-Keul's methods were employed for comparison against the control group and multiple comparisons, respectively. A P value <0.05 was considered to indicate statistical significance.
Results
To estimate the magnitude of shear stress occurring in the mouse glomerulus due to glomerular filtration, a model calculation was used (cf. Appendix). According to this model calculation, fluid shear stress rates of up to 0.3 dyne/cm 2 seemed to be reasonable to be encountered by the surface of podocytes in the mouse glomerulus ( Fig. 1 ).
Under experimental conditions of 20 h of fluid shear stress cell morphology changed and podocyte loss occurred ( In addition to podocytes, LLC-PK1 cells were examined in the flow chamber. LLC-PK1 cells express the phenotype of epithelial cells of the proximal tubule and had previously been described to be sensitive to fluid shear stress (15) . Similar to the observations on proximal tubule cells in that study, we witnessed a reinforcement of actin filaments at areas of cell-cell contact after applying shear stress (data not shown). Furthermore, we saw an increased appearance of microvilli on the apical surface after the experiments. At a shear stress rate of 0.25 dyne/cm 2 for 20 h the continuity of LLC-PK1 monolayers was not affected, no intercellular gaps occurred (data not shown). These results lead to the conclusion that podocytes are highly sensitive to fluid shear stress. They seem to be much more vulnerable in comparison to LLC-PK1 cells which withstand higher shear stress rates.
Next the cytoskeletal organization of F-actin, vinculin, α-actinin and cortactin after application of shear stress for 20 h was examined in podocytes and compared with unsheared controls. F-actin organization changed severely. Transversal stress fibers were found regularly in control podocytes. After treatment with shear stress transversal stress fibers were drastically reduced and a cortical actin network showed. F-actin concentration also remained high at cell-cell contacts (Fig. 3) . Vinculin, an adaptor protein at focal adhesions and adherens junctions, co-localized with F-actin under static conditions. In podocytes exposed to shear stress, the strict co-localization of vinculin with F-actin was lost, and vinculin exhibited a diffuse cytoplasmic distribution (Fig. 3) . Vinculin changes seemed to follow a typical pattern.
When podocytes were stained earlier during an experiment, after about 4 h of shear stress, first changes were noticeable in the cell center. Vinculin here already was diminished, while cortical vinculin still showed as distinct spots. In contrast to vinculin, the intensity of α-actinin at cell junctions was enhanced by shear stress (Fig. 3) . Cortactin, which is involved in the regulation of actin nucleation, was predominantly localized in lamellipodia and ruffles in podocytes exposed to low shear stress, indicating that low shear stress activates podocyte motility (Fig. 3) . These cytoskeletal changes were reversible. As podocytes that had been sheared for 20 h were cultivated for two additional days before being stained for actin and vinculin, they expressed the regular vinculin pattern of static control podocytes. Furthermore, the intercellular gaps vanished and the monolayer closed up. These results point to a high mechano-sensitivity in podocytes towards shear stress. The podocytes react with a change of cell shape and reorganization of their cytoskeletal network.
Since we observed marked formation of lamellipodia at low shear stress, we examined the cell contacts between podocytes by staining for ZO-1, which is localized at the slit diaphragm in situ. In static control podocytes, ZO-1 was distributed in a linear pattern along cell-cell contacts (Fig. 4) . Despite marked lamellipodia formation, the linear staining pattern of ZO-1 was maintained at low shear stress (Fig. 4) , indicating that low shear stress does not disrupt the junctional continuity of podocytes. At high shear stress, the integrity of cell-cell contacts was lost, as demonstrated by the discontinuous and punctate distribution of ZO-1 (Fig. 4) .
Subsequently, podocytes were studied by time-lapse microscopy for immediate effects of fluid shear stress. For these experiments the Ibidi µ-Slide flow chamber was used, since it allowed observation with inverse microscopy through its extra thin, transparent plastic bottom. Within fifteen minutes of shear stress the majority of podocytes showed massive membrane ruffling ( Fig. 5 and Video 1 of Data Supplement), accompanied by enhanced macropinocytotic activity (44) . Often, more than one ruffle at a time appeared per cell. Some podocytes also showed sequences of ruffles emerging, fading away and emerging again.
Newly formed cytoplasmic vesicles became visible during ruffling. Furthermore, increased cell motility with lamellipodia formation could be observed. The homogeneous, dense picture of the monolayer disappeared within one hour. Intriguingly, the ruffling could be triggered again through fluid flow after a phase of no shear stress of about 30 min. This scrutiny proofs a direct and immediate effect of fluid shear stress on podocytes.
Since tyrosine kinases are crucially involved in membrane ruffling and cell motility, the results of the flow chamber experiments suggested an activation of tyrosine kinases in podocytes by shear stress. Therefore, we tested several tyrosine kinase inhibitors under shear stress conditions. Specifically, a possibly altered F-actin distribution and increased podocyte loss after 20 h at shear rates of 0.25 dyne/cm 2 were looked at. All inhibitors did not affect cell number and morphology under static conditions (Fig. 6 ). In the presence of 60 µM genistein and 100 µM AG 82 (tyrphostin A25) only 26±14% and 0±0% viable podocytes were recovered, respectively. Both substances are competitive broadband tyrosine kinase inhibitors.
In contrast, about 80-90% of podocytes were recovered in the presence of solvent (0.1% DMSO), 60 µM daidzein (inactive genistein analog), 10 µM PP2 (Src family tyrosine kinase inhibitor), or 0.5 µM PD153035 (EGF receptor tyrosine kinase inhibitor).
F-actin distribution was not changed by tyrosine kinase inhibitors under static conditions (Fig. 7) . The above described alterations in the F-actin network under shear stress (reduction of stress fibers, reinforcement of cell-cell contacts etc.) could also be seen in podocytes treated with those inhibitors that did not lead to cell loss (Fig. 7) . In the presence of genistein and AG 82, however, the actin cytoskeleton of podocytes exposed to shear stress was severely altered (Fig. 7) , probably as a result of increased cell damage.
Finally, we provide two examples that illustrate the significance of fluid shear stress for podocyte biology in vivo. Under physiological conditions, podocyte cell bodies adopt a peculiarly streamlined shape between the glomerular capillaries (Fig. 8, left panel) . 
Discussion
A variety of cells have been reported to be responsive to shear stress of which endothelial cells (ECs) are probably studied best. Located on the inner surface of blood vessels, ECs are obviously exposed to shear stress arising from blood flow. As a reaction to shear stress ECs are known to elongate and flatten, their cell outline and cytoskeleton become highly oriented in the direction of force (20, 22, 33) . Focal contacts and adherence junctions are restructured (33). Despite of intense studying, the nature of the shear stress-sensing mechanism remains unclear even in ECs (6, 7).
We now add the podocyte as a flow-sensitive cell. Due to their natural function podocytes are also exposed to fluid flow. The flow of the ultrafiltrate between the capillaries of the glomerular tuft and between the glomerular tuft and the parietal epithelium generates shear stress on the podocyte surface. Glomerular filtration rate as well as glomerular geometry can be highly modified during various physiological or pathological conditions. Could relevant forces of shear stress arise in the glomerulus in vivo and would these forces be able to affect the podocytes? We first addressed these questions using a model calculation to estimate the shear stress rates that could correspond to actual in vivo values in the urinary space. The major factors determining the rate of shear stress on the surface of podocytes are glomerular filtration rate and the distance between Bowman's capsule and the glomerular tuft. However, exact values for this distance are unknown. To recognize this fact we calculated the shear stress for various parameter sets (cf. Appendix). Note that the resulting shear stress rates are by far lower than those encountered by ECs in blood vessels and applied to cultured ECs in experiments reaching up to 100 dyne/cm 2 (39) .
In contrast to the cell types studied so far, shear stress induced alterations of the cytoskeleton appeared very different in podocytes. Unlike in ECs, F-actin stress fibers were diminished and an alignment of podocytes in the direction of flow could not be found. Along with the reduction of stress fibers also vinculin distribution was altered significantly. Accumulation of vinculin at focal adhesion sites was lost in response to shear stress. It seems likely that due to remodeling of focal adhesions under shear stress, vinculin was withdrawn. Murphy-Ullrich These findings collectively suggest that growth factor associated signal transduction pathways might play a role in the response of podocytes to shear stress.
Podocyte loss in the flow chamber occurred already under relatively low shear stress rates and progressed with increasing force. The shear stress arising from fluid flow seemed too small to be the direct cause for cell detachment. An increase in apoptosis due to experimental treatment could not be confirmed after nuclear staining with Hoechst 33342. One could argue that apoptotic cells tend to detach anyway and therefore got dragged away with the current before being counted. However, we did not observe any podocyte in the process of apoptosis.
Thus, it seems more likely that in response to shear stress podocytes tend to assume an intermediate adhesive state to facilitate increased cell motility as suggested by DiMilla (8) .
Intermediate adhesiveness may result in an increased frequency of detachment. What seems fatal on first sight may well turn out to be a smart adaptation. In order to distribute mechanical force well-balanced to cell-matrix adhesions, the podocyte must rearrange the large adhesion plaques that are frequently found under static conditions.
To adopt a streamlined shape under physiological conditions (Fig. 8) , podocytes must be able to sense fluid shear stress. Increased shear stress at a defined area on the podocyte surface might induce reorganization of the cytoskeleton until the morphological changes will result in a decrease of shear forces. Eventually podocytes have to weaken the adhesion to some capillaries to rearrange major processes via "migration". The high sensitivity of podocytes to shear stress, the induction of a migratory, intermediate adhesive phenotype, and the reorganization of the actin cytoskeleton in a non-polarized fashion would fit to this hypothesis.
Podocyte detachment is observed in vivo. Lost podocytes appear in the urine in various renal diseases including FSGS, diabetic nephropathy, Henoch-Schönlein purpura nephritis, and
Alport´s syndrome (18, 19, 32, 46) . The number of podocytes counted correlates with disease activity. Interestingly, podocytes appearing in the urine are viable and can be cultivated ex vivo (35, 37, 46 ). Yet, it remains unclear, why podocytes detach from the basement membrane. It seems unlikely that podocytes get dragged from the GBM by filtrate flow in unaffected, healthy kidneys, since control patients shed only senescent, if any podocytes (19, 46) . However, architectural changes within the glomerulus, like we witnessed in kidney sections of rats with anti-Thy1 glomerulonephritis, may result in increased shear stress for those podocytes that protrude into the orifice of the proximal tubule. Increased shear stress might then trigger cytoskeletal reorganization elevating the probability of podocyte detachment.
Nephrotic symptoms go along with less stable podocyte adhesion. At the same time In summary, we show that podocytes respond highly sensitive to fluid shear stress. Unique alterations were found in cell shape and cytoskeletal architecture after application of shear stress compared with other cell types studied so far. A highly motile podocyte phenotype with frequent appearance of lamellipodia and ruffles emerged in response to shear stress.
Increasing shear stress resulted in progressive loss of podocytes. Inhibitor experiments demonstrated that specific tyrosine kinases are required to withstand fluid forces.
Furthermore, our report provides a new aspect to podocyte detachment from the GBM under disease conditions.
To estimate the shear stress encountered by the surface of podocytes in vivo, a simplified geometry of the glomerulus was assumed (Fig. 9) . is given by 
This yields for the mean flow velocity 
